I. Introduction
The experimental modal analysis (EMA) means the extraction of modal parameters (frequencies, damping ratios, and mode shapes) from measurements of dynamic responses (Rao, 2004) . Basically, it is carried out according to both input and output measurement data through the frequency response functions (FRF) in the frequency domain, or impulse response functions (IRF) in the time domain. For mechanical engineering structures, the dynamic responses (output) are the direct records of the sensors that are installed at several locations (Ren, 2004) . The finite element analysis (FEA) is currently a common way to perform an analytical modal analysis of CMB. However, some problems always occur when establishing an accurate FE model of the existing structure. The problem arises not only from the errors resulting from simplified assumptions made in modeling of the complicated structures but also from parameter errors due to structural damage and uncertainties in the material and geometric properties (Ren, 2004) .
The FEA is analytical, the EMA is experimental and modes are the common ground between the two. In fact the EMA is still used to validate FEA models, but it is also heavily used for trouble shooting noise and vibration problems in the field. Once an FEA model has been validated, it can be used for a variety of static and dynamic load simulations. This paper concentrates on both experimental and numerical modal analysis of a CMB. Numerical work involved the development of a three-dimensional FE model. A modal analysis was performed to provide frequencies and mode shapes. Results of the FE modal analysis were compared with those obtained from the EMA.
II. Compressor Mounting Bracket Description
The CMB as shown in Figure 1 is made of aluminium die casting (ADC-12). To construct the geometry of the CMB, NX UG software is used to build up the 3-D CAD Model for the simulation based on the feasibility study carried out in earlier design stages. Mechanical and Physical Properties are shown below in Table 1 . 
III. Finite Element Modeling
Now that the geometrical and mechanical properties of the CMB are available, we can proceed with the finite element modeling. Three-dimensional linear elastic finite element model has been constructed using Altair HyperMesh FEA software. The CMB is modeled using solid ten-noded tetrahedral elements (each node has 3 degrees of freedom UX, UY and UZ). The full model has a total of 2,00,883 tetrahedral solid elements with more than 3,23,688 nodes. The unit mesh size is 2mm. The fine mesh is used to capture the features of rib and chamfer on CMB. The mesh quality parameters (like: aspect ratio < 5, jacobian > 0.6, tet collapse > 0.5 and duplicates) has been maintained to get the accurate results. The EIGRL card is used to extract the eigenvalue and eigenvectors up to first 10 modes using Lanczos method.
The CMB is analyzed in free-free position using Optistruct solver and verify the same with Nastran solver, so rigid body modes are expected in the results. First six modal frequencies less than 20 Hz are observed during analysis & assumed as rigid body modes. With 4 modes to extract, the results of the modal analysis are shown in Table 2 . 
IV. Experimental Modal Analysis (EMA)
EMA has grown steadily in popularity since the advent of the digital FFT (Fast Fourier Transformation) spectrum analyzer in the early 1970's (Schwarz & Richardson) . In this paper, we will make FRF measurements with a FFT analyzer, modal excitation techniques, and modal parameter estimation from a set of FRFs (curve fitting). Experimental modal parameters (frequency, damping, and mode shape) are also obtained from a set of FRF measurements. The FRF describes the input-output relationship between two points on a structure as a function of frequency. Since both force and motion are vector quantities, they have directions associated with them. Therefore, an FRF is actually defined between a single input D.O. Figure 5 ). An FRF is a complexed valued function of frequency. Actually FRF measurements are computed in a FFT analyzer.
V. Exciting Modes with Impact Testing
With the ability to compute FRF measurements in an FFT analyzer, impact testing was developed during the late 1970's and has become the most popular modal testing method used today. Impact testing is a fast, convenient, and low cost way of finding the modes of machines and structures. All the tests were performed at inhouse installed facility. The following equipment's are required to perform an impact test:
1. An impact hammer with a load cell attached to its head to measure the input force (Figure 9 ). The whole process of the impact testing is depicted in Figure 7 . In general a wide variety of structures and machines can be impact tested. Of course, different sized hammers are required to provide the appropriate impact force, depending on the size of the structure; small hammers for small structures, large hammers for large structures. In this experiment, the CMB is suspended on elastic cables as shown in Figure 6 , so that rigid body modes have very small frequencies compared to those of the deformation modes.
Fixing the accelerometer at a single DOF as shown in figure 6 , the CMB was impacted by hammer at many DOF to excite all modes (see Figure 11 for the position and directions of all DOF). After every impact the measurements were taken and saved. The software used is LMS ® (Leuven Measurement System). From the measured FRFs, the software evaluates natural frequencies and mode shapes as well as damping ratios, but the latter are not shown. Table 3 . lists the measured frequencies from the EMA using LMS software. 
VI. Roving Hammer Test
A roving hammer test is the most common type of impact test. A Dytran Impulse Hammer as shown in figure 9 is used to impact the structure. The technical specifications of hammer are shown below. In this test, the accelerometer is fixed at a single D.O.F., and the structure is impacted at as many D.O. 
VII. Roving Tri-axial Accelerometer Test
When 3D motion at each test point is desired in the resulting mode shapes, a roving tri-axial accelerometer is used and the structure is impacted at a fixed D.O.F. with the hammer. Since the tri-axial accelerometer must be simultaneously sampled together with the force data, a 4-channel FFT analyzer is required instead of a 2-channel analyzer. 
VIII. Results and Comparison
The FE numerical modal analysis was validated by EMA in terms of natural frequencies and mode shapes. Theoretically, a perfect model would match all experimentally determined mode shapes and frequencies exactly. In reality it is never be a perfect match between all numerical and measured modal properties. Therefore, only the most structurally significant modes and frequencies are used in the comparison process. Table 4 summarizes the frequencies of both the methods, EMA and FEA with the percentage difference between the frequencies of both the methods for the given mode. 
IX. Conclusions
Modern experimental modal analysis techniques have been reviewed in this paper. The numerical modal analysis with 3D finite element models of the CMB is compared with the EMA. The results from finite element model agree well with the experimental results. This model is suitable for the dynamic analysis of the CMB. However with minor fine-tuning it can be extended to other components as well. The validated finite element model can be used for further dynamic analysis and evaluation of structural performance from loadings.
